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An investigation into possible ways to increase the efficiency of betavoltaic battery 
technology by using a novel material, BGaN, by utilizing the stacking of PIN devices, and 
to research designs to increase the radioactive source efficiency by reducing self-
absorption.  
One major issue in the development of nitride-based PIN devices is maximizing 
efficiency with a strong electric field across the intrinsic region.  The high carrier 
concentration of intrinsic GaN due to unintentional doping reduces the possible PIN 
electrical field strength and results in high recombination of electron-hole pairs generated. 
By using BGaN, we expect to reduce this carrier concentration and increase overall device 
efficiency.  
Additionally, most betavoltaic battery designs only consider beta particle collection 
on one side of the radioactive source.  This gives a maximum overall efficiency of only 
50%, since energy that emits away from the device cannot be collected.  By creating a 
stacked package design, we expect to efficiently collect beta particles emitted in all 
directions by the radioactive source, thereby potentially doubling the overall battery 
efficiency.  
Since Ni-63 in particular is highly susceptible to self-absorption, steps to reduce 
these effects should be taken to help increase the efficiency of the radioactive source itself.  
Although this does not affect the overall device efficiency, it does have an impact on the 
maximum potential power output of the device given a fixed amount of Ni-63 material. 




in the radioactive source, and we expect to achieve up to 95% source efficiency from our 
designs.   
Finally, a study demonstrating the durability of our materials and devices will be 
discussed, which show that exposure to radioactive Ni-63 over 100 years will not 
appreciably degrade the performance of our betavoltaic battery.  This ensures our battery 
could maintain a high level of power and efficiency for at least 100 years.  
We will discuss the simulations and designs that we created, which are necessary 
to achieve these results, as well as discuss the fabrication and packaging of a Ni-63 
betavoltaic battery that is used to realize the designs.  A comparison of the modeling 
predictions with experimental data will be explored, demonstrating the accuracy of our 
models and the quality of our materials and designs.   
 This doctoral research is funded by the BATGaN project, which aims to create a 
high-efficiency betavoltaic battery using Ni-63 and a stacked design.  The BATGaN 
project is funded by the CNRS (Centre national de la recherche scientifique), a large 
government research organization in France, and the research is designed to be done over 
a period of three years.  Research was done in partnership with LPN (Laboratoire de 
Photonique et de Nanostructures), Nanovation and the CEA (Commissariat à l'énergie 









 Battery size requirements have been shrinking over the last several decades, while 
power density requirements have steadily been increasing at the same time. Classic, 
chemical-based batteries do not scale well with size, and thus do not perform well when 
shrunk down to power micro-sized devices. Additionally, these batteries have 
comparably short lifetimes, or must be constantly recharged.  
 Nuclear batteries provide high power-density with a long half-life (100 years for 
Ni-63 [1]), and thus do not need to be refueled or recharged as often. Additionally, the 
beta particles emitted by Ni-63, for instance, is low enough energy to be blocked by the 
surface layer of dead skin that covers our bodies. Thus, batteries designed with this fuel 
source can be easily and safely packaged with minimal danger.  
 An important part of designing devices is having a deep understanding of how the 
processes involved in the device will work. In order to effectively design a betavoltaic 
battery, the processes involved beginning from the behavior of the nuclear material all the 
way through the current extraction from the device itself must be well understood.  
Ni-63 Material Limitations 
 Due to the density of nickel and the low-energy beta particles that are most 
commonly emitted from the material, Ni-63 self-absorption plays a large role in 
determining the maximum amount of power a device can obtain given certain device 
dimensions.  Research has previously been done that summarizes the self-absorption 
properties of Ni-63 and determined via simulations that the power saturates at 2.85 
uW/cm2 [2]. It was determined that the optimal thickness of Ni-63 was therefore around 




plays a role in all beta-emitting materials, such as Pm-147 with higher-energy beta 
particles, though often to a lesser extent than Ni-63 [3].   
Betavoltaic Battery Technology Overview 
 Theoretical research into using GaN as a betavoltaic battery has been done over 
the past few decades. Polikarpov and Yakimov published simulation results for Ni-63-
like particles with a Scanning Electron Microscope at various angles into the material and 
found the energy loss at various depths within GaN and Si [4]. Simulations done by Zuo, 
Khou and Ke were done with Ni-63 on GaN, showing expected voltages and currents 
from their model that was then validated with real-life devices [5]. Additionally, San, 
Yao, et al published simulation results on a Ni-63 Schottky GaN device, theorizing it 
could achieve an efficiency of 2.25% [6]. In addition to GaN-based betavoltaic batteries 
using Ni-63, theoretical research has also been done using various other radioactive 
materials like Pm-147 and S-35 [7, 8], and semiconductor materials such as GaAs, SiC 
and Si [8-11], with expected performances ranging from poor (high EHP recombination 
rates) to nearly 5% efficiency.  
 Similarly, experimental research has also been done in this field. A group 
comprised of Lu, Wang and Yao created a GaN-based PIN device that boasted a potential 
efficiency of up to 1.6% [12]. Devices using iron-doping of the intrinsic region of a GaN-
based PIN similarly yielded results ranging from 0.98% to 2.7% [13-15].  It should be 
noted, however, that the 2.7% efficiency calculation is based on a non-standard efficiency 
equation which over-estimates efficiency when compared to other publications; an 
efficiency of 0.98% is thus considered to be state-of-the-art for a Ni-63 GaN PIN battery. 
Likewise, Ni-63 experimental research using non-GaN-based materials have been 
performed [1, 16-17], yielding potentially promising results after various changes could 





Stacked Design Technology 
 It is important to take note that previous research into GaN-based betavoltaic 
batteries using Ni-63 have typically provided device efficiencies that were below 2%, and 
often below 1% [18-20].  These devices were simple PIN structures that did not take 
advantage of stacking techniques.  
 Traditional betavoltaic battery device designs would, by their very nature, fail to 
collect particles emitted away from the PIN structure.  By stacking two PIN devices and 
sandwiching the beta material in-between the two PINs, there is the ability to effectively 
double the potential amount of energy collected (doubling the efficiency vs. a single PIN 
structure by itself) [21].  Previous designs that tried to achieve similar results (e.g., via 
stacking, implantation, 3D surfaces etc.) were limited by the radioactive or 
semiconductor materials chosen (typically silicon) [22-26].   
 For instance, research has been performed involving infusion of radioactive 
material directly into the semiconductor [26].  This method boasted an efficiency of 7%, 
but was based on the usage of radioactive sulfur-35 (S-35) as a power source [25] (which 
matched well with their chosen semiconductor material of selenium). One issue with this 
is that S-35 has a half-life of only 87 days, and thus does not compare as well to other 
radioactive materials with half-lives that span several years or decades.  
 Research into usage of 3D surfaces has also been performed with varying levels 
of success [22-24]. These devices were silicon-based, however (low radiation resistance 
and thus a higher material degradation than GaN). These devices also did not typically 
see a significant efficiency boost over usage of the Ni-63 PIN structures.  One device 
created used a 3D surface but did not take advantage of stacking – leading to an 
efficiency of 1.7% [23] that could potentially have been higher with a stacking design.  
Another device created took advantage of both stacking and a 3D surface, but only 
obtained an efficiency of around 1% [22] due to a high recombination-generation current 




 Carbon nanotubes have also been investigated as a collection material with Ni-63 
as a radiation source, but this device achieved only 0.1% efficiency [27].  Various other 
publications with non-GaN materials have also been published, but these were based on 
simple PIN devices or Schottky devices that did not take advantage of stacking and did 
not result in efficiencies higher than previously mentioned [28-33].     
Material Choice 
 For many non-nitride semiconductor materials such as silicon, the material will 
degrade quickly when exposed to high-energy beta particles.  By using GaN for the 
device, the material has a significantly-increased durability when exposed to beta 
particles over long periods of time [35].  GaN-based materials are also particularly well-
suited for usage in betavoltaic devices because they have a high theoretical efficiency of 
around 27% (compared with around 15% with silicon, for instance) [34].  
 Various experiments have been performed to test the effects of beta-particle 
bombardment on nitride-based materials, predominantly using a Scanning Electron 
Microscope (SEM) as a beta particle source.  The results were mixed depending on the 
doping of the material that was bombarded and the amount of energy used for 
bombardment.   
 When bombarding p-GaN materials with electron energies in the range of 5 KeV 
to 20 KeV, for instance, the results reported were either an increase in cathode-
luminescence (CL) intensity or an increase in diffusion length [36-40].  This 
improvement in material quality is theorized to be because of annealing effects of the p-
GaN material; even when bombardment was performed on more complicated structures 
such as Multi-Quantum Wells, no negative effects were noticed in the material other than 




 In the worst case scenario, bombardments performed noticed no significant 
changes to the material properties when exposed to an SEM beam ranging from 5 – 20 
KeV [45-49].  The dosages and energies used in the previously-mentioned experiments 
were all within the range of what would be expected to be released from Ni-63 (which 
has an average energy of 17 KeV).  In fact, the only time degradation was noticed in the 
material is when very high energies, in the range of 1 – 3 MeV, were used for 
bombardment [50-51].   Note, however, that this is far outside the maximum energy 
range seen in Ni-63 (which is around 67 KeV) and would thus not be expected to occur 
with a Ni-63-based betavoltaic battery.  
 An important issue with nitride-based semiconductors is achieving high p-type 
doping, however, as well as achieving a low unintentional-doping of the intrinsic region.   
This limits the effectiveness of using existing technologies, such as 3D device surfaces, 
to maximize efficiency.  By implementing a combination of technologies to reduce the 
carrier concentration of the PIN intrinsic region, using lift-off techniques and stacking 
devices, efficiency can still be maximized using just nitride technologies.  
Intrinsic Region Carrier Concentration 
 A low unintentional doping of the intrinsic region will generate a stronger electric 
field, which will allow for a larger intrinsic region thickness.  Most of the electron-hole 
pairs that are collected will be generated in the intrinsic region (where the field to 
separate the electron-hole pairs is the strongest), which means that an optimal device will 
have a larger intrinsic region thickness.   
 Even the best i-GaN growth today does not have a low enough unintentional 
doping to span a micrometer or more, unless treatment with impurities such as iron, for 
instance, is done [13].  This creates many traps within the material, however, and 




unintentional doping of the intrinsic region is needed that produces a higher material 
quality.   
 Recent experimentation has shown that the BGaN alloy of GaN can have both a 
low carrier concentration (undoped) as well as a high mobility [52].  For instance, a 
boron composition of 1.34% is shown to have a carrier concentration of only 3x103/cm3 
while maintaining a high mobility of 96 cm2/Vs. This makes it a great semiconductor 
material to use for the intrinsic region, as it has the desirable aforementioned properties.   
 The drawback of using BGaN is that the growth quality of current technology 
does not allow it to be effectively grown at the desired thicknesses (close to, or 
exceeding, 1 um).  By breaking the BGaN layer up into thinner sections and using a thin, 
magnesium-doped, lateral-growth smoothing GaN layer on top of these BGaN layers, the 
material growth quality is able to be increased and the BGaN-GaN layers could be 







RADIATION AND DEVICE SIMULATIONS 
 
 The ability to accurately model Ni-63 emission and absorption in a GaN device 
has various benefits, especially considering the relatively high cost of purchasing and 
using radioactive material.  Being able to predict real-life device performance without 
needing to purchase or use Ni-63 allows for a much more efficient, streamlined device 
development. In light of this fact, the first task for developing a betavoltaic battery was 
properly modeling both the radioactive material and the device itself.  Some of the results 
described in this chapter have been published as “Model of Ni-63 battery with realistic 
PIN structure” [56]. 
In order to create an accurate device model, a real-life, mock device had to be 
emulated. In Figure 1, we can see the 4 mm x 4 mm area PIN device used for 
experimental analysis. It includes a 40 nm current spreading layer on top of the device 
(20 nm of gold and 20 nm of palladium). This is followed by a 150 nm p-GaN region 
(carrier concentration of 5 x 1017/cm3) and a 600 nm i-GaN region (estimated to have an 
unintentionally doped carrier concentration of around 3 x 1016/cm3). The rest of the 






Figure 1: Experimental device structure. Inset: SEM image of device with n-GaN and p-GaN probes, 
as well as p-GaN mesa. 
 
 
The inset shows a SEM image of the actual device from the top view along with 
contacting probes touching the n-contacts and p-contacts. The p-GaN mesa is also 






Figure 2: Optical microscope image of experimental device. 
 
 
Figure 2 shows the experimental device under an optical microscope. Clearly 
visible are the n-GaN contacts and large p-GaN contact. The dark gray pad for the p-GaN 
contact is also visible around the p-GaN contact, while the p-GaN mesa shows the 
separation between the p-GaN and n-GaN regions. 
SEM E-beam Model  
 The first part of the model deals with mimicking Ni-63 emissions with an e-beam 
current. Since the e-beam can only emit at a single electron energy, we had to choose 
which energy would most accurately represent the energy of beta particles coming from 
Ni-63. It is well known that the most probable energy released from Ni-63 is around 17 
keV and quickly declines in probability when the energies fall outside the range of 5 keV 






Figure 3: Ni-63 emission profile vs beta particle energy [71]. 
 
 
 As can be seen in Figure 4, a Probability Density Function (PDF) of the electron 
energy absorption profile was calculated based on the CASINO 2 Monte Carlo 
simulations for 17 keV. The integrated area under the curve for a given depth range 
provides the percentage of electron energy that is absorbed in that depth range, and the 
area under the entire curve (including the 40 nm metal spreading layer, not shown) will 
add up to 100%. Note that this does not take into account backscattering of electrons off 
of the sample surface; the e-beam source currents used here are the specimen currents, 










 Electron energies absorbed within the 40 nm of metal spreading layer are assumed 
to be lost, and so are not included in the absorption model (though they account for 8.6% 
of electron energy absorption). This absorption model was then later used in the device 
simulations to determine the electron-hole pairs that would be generated from such a 
profile (and consequently the current that would be generated).  
 We can see here that around 22% of the energy is lost from penetration through 
the metal spreading layer (not shown) and p-GaN regions (8.6% and 13.7%, respectively) 
of the device, while 51.4% of the total energy will fall within the intrinsic GaN region. 
The remaining 26.3% of the energy is lost in the n-GaN region and substrate. 
 Figure 5 shows the distribution of beta particle energy absorption in certain 
regions of the device versus electron energy. As expected, lower electron energies are 
almost completely absorbed by the current spreading layer, while electron energies from 











 Higher electron energies, above 22 keV, are lost to absorption mostly within the 
n-GaN region of the device. Note again that this figure does not show losses due to 
backscattering from the device surface but is intended to show which regions of the 
device are absorbing the most amounts of energy at different electron energies. 
 We can similarly see in Figure 6 the energy absorption versus electron energy 
scaled by the probability of that energy being emitted by Ni-63.  The most obvious 
difference with the previous figure is that energies above 30 keV are unlikely to be 
emitted from Ni-63 and thus do not play an important role in the absorption profile.  
Energies around 17 keV (with the highest probability of emission) are higher here 






Figure 6: Distribution of electron energy absorption versus electron energy across various device 
regions, scaled to take probability of Ni-63 emission profile into account.  
 
 
Radiation Absorption Model 
 In order to extend these e-beam models to a viable Ni-63 model, various Ni-63 
thicknesses had to be used in order to correctly take into account the self-absorption of 
beta particles, various penetration angles had to be taken into account, and multiple 
energies had to be chosen to fit the beta particle energies expected to be emitted from Ni-
63.  A range of 5 nm to 4000 nm of Ni-63 were used so that the saturation effects could 
be seen at both large and small Ni-63 thicknesses.  
 These simulation results, denoted as MC_abs(y,d,e,θ) in Equation 1, can then be 
combined together to form an overall Ni-63 model.  This model takes into account 




emittance profile mimicking that of Ni-63 (Equation 2), and is valid for various Ni-63 
thicknesses as chosen by Equation 3.  
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 Constants are defined as follows: Rθ is the reflectance at a given angle θ, Pr(E=e) 
is the probability of an electron being emitted from Ni-63 at the given energy e, y is the 
y-coordinate of depth into the device and t is the total Ni-63 thickness.  
 In Equation 4 we can see the estimation for the total amount of energy released 
from a 1 cm2 x nm volume of Ni-63, not considering self-absorption (which is taken into 
account in the simulation data, MC_abs). Of course this can be easily scaled up 
depending on the thickness of Ni-63 that has been chosen: for instance, 500 nm of Ni-63 
(over a 1 cm2 surface area) would emit a total power of 500*Pnm. Here, ρ is the density of 
Ni-63 (8.91 g/cm3) and A is the specific activity of Ni-63 per gram (2.2 x 1012 Bq/g) [3], 
Eavg is the average energy released from Ni-63 (17 keV) and q is the electron charge 
(1.6022 x 10-19 C).  
 The results of these simulations can be seen in Figure 7, where we show the 
absorption profile of beta particles in GaN for various Ni-63 thicknesses. For very thin 
layers of Ni-63 the GaN absorption is seen to be more hyperbolic, while for thick Ni-63 


















 Finally, Figure 8 shows that the power absorbed in the GaN material saturates 
towards 2.85 uW/cm2 as the Ni-63 thickness increases. The highest efficiency Ni-63 
thickness is infinitely thin, of course, since this would result in the least self-absorption. It 
can be estimated that the optimal Ni-63 thickness is somewhere around 1500 nm of Ni-
63, since the power quickly begins to saturate after this point. It can be seen that these 
results match well with results published in literature [3]. This model is in the process of 
being published.  
Device and Material Simulations 
Now that a model of the behavior of beta particle-like absorption into the GaN 
PIN had been created using Monte Carlo simulations, detailed device model simulations 
had to be done. 
For the device simulations, we used Silvaco TCAD software. Parameters to use in 
the simulation for the GaN materials involved were taken from Mnatsakanov et al. [57] 
and Vurgaftman and Meyer. [58] All other parameters for the simulated device were 
taken from measurements made directly from the experimental device (minority carrier 
concentrations, region thicknesses, etc.). 
Based on literature, [34] it has been shown that for GaN-based materials, the 
maximum betavoltaic current efficiency is approximately 27%. Because the device 
simulations do not take this into account (it assumes the particles are photons, whose 
frequency we have chosen to be optimal for absorption in GaN), we multiply the 
efficiency of the device by 0.27. 
Finally, an absorption profile for the SEM electrons needed to be imported into 




particles but only photons, the absorption model of the electrons had to be accurately 
mapped to the photon model in Atlas. In order to achieve this, a PDF was fitted to the 






,   (5) 
where y is the vertical depth down into the GaN material in nanometers, µ is the mean 
value for our PDF (256.53 nm), and σ is the standard deviation (576 nm). Note that this 
equation gives us the shape of absorption and an arbitrary magnitude. The magnitude is 
determined based on the expected device efficiency (for a perfect device) with losses due 
to the current spreading layer (already taken into account previously, ~8% loss), beta 
particle efficiency, and losses in the p-GaN and n-GaN regions (whose electron-hole 
pairs will predominantly not be successfully collected). 
 In order to calibrate the simulator, the simulations need to be matched against 
real-world experimental results. We can estimate the power efficiency of a perfect PIN 
device with e-beam penetration at 17 keV at this point 
. 	 0.514 ∗ 0.27	 → 	0.1388,   (6) 
where 51.4% is the amount of electron energy falling within the i-GaN region (which has 
the potential to be collected, as previously described) and 27% is the maximum 
betavoltaic current efficiency for GaN. This leads to a highest possible PCE of around 
14%, not taking into account device defects/traps and contacting deficiencies (which will 




The device simulations are run with perfect, defect-less device materials, while 
scaling the magnitude of the absorption rate given in Equation 5, until the simulation 
results give the device efficiency predicted in Equation 6. At this point, defects and traps 
can then be added to the model (if they are known) in order to better calibrate the 
expected device performance. The corresponding dark and illuminated I-V curves from 
the simulated device will next be used for our series and shunt resistance model, allowing 
us to model the effects related to contact inefficiencies. 
Device Contact Simulations 
In order to better take into account defects introduced into the device by 
recombination and issues introduced by the contacts, the ideality of the real-world 
version needs to be matched to the simulated device. We used this information to scale 
the simulated dark I-V curve to more accurately mimic the experimental device using the 
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where Is is the saturation current, q is the electron charge, n the ideality factor, k is 





Figure 9: Single diode series and shunt resistance model. 
 
Additional defects are introduced by the contacts that can be modeled as shunt 
and series resistances that were not already taken into account with the ideality factor (n), 
as can be seen in Equations 8 and 9 and Figure 9:  
∗ ,   (8) 
	 1 ∗ ∗ ,   (9) 
Here, Rs represents the total series resistance of the device, Rsh is the total shunt 
resistance, and Id and Vd are the ideal IV-curve current and voltage, respectively. 
The results of this model match up well with effects previously described in 
literature, [59] where the shunt resistance has a large impact in the lower voltage range, 
while effects due to series resistance dominate in the higher voltages (although we 
obtained the model by first modeling the device as an ideal diode with measured ideality 
and then applied the series and shunt resistance models). The threshold voltage drop with 
increasing series resistance also matches up well with literature studying the effects of 




Note that this model can be further refined by using a two- or three-diode version 
instead of only one diode (as in Figure 9), depending on the level of accuracy needed for 
the IV-curves. Additionally, an illuminated model can be made even more accurate by 
matching it to experimental IV-curves under similar-power illumination (such as SEM 
illumination to improve the quality of a Ni-63 model). 
Comparing Simulations to Experimental Data 
In Figure 10, we see the original, device simulation IV-curve as the dashed blue 
line. The red, dashed line is the experimental dark IV-curve with the device undergoing 
no beta particle bombardment, while the solid red line is the ideal diode equation scaled 
to take series and shunt resistances (of 9.4 Ω and 1.1 MΩ, respectively) into account. 






Figure 10: Dark I-V fitting curves—simulated vs experimental data. 
 
 
Now that we have created a model that also reflects the inefficiencies introduced 
by the contacts, we can model the beta-illuminated conditions of the device. The simplest 
way to do this is to take the predicted Isc by the device simulations for a given input 
power and combine it with the series and shunt resistance model’s dark I-V curve, as 
described previously. 
These simulation results can then be compared to results obtained experimentally. 
For the following experiments, the sample was mounted onto a commercial holder with 
two probes for the e-beam bombardment measurements. The probes on the sample were 




device during bombardment. Several beam energies were tested and the ones with values 
close to Ni-63 were then selected, as presented in Figure 11. 
 
 
Figure 11: Comparison of modeled illuminated curves and experimental illuminated curves. Device 
simulation illuminated curve at 80 uW provided for comparison to resistance model. 
 
 
Here, we can see the green dashed line is the experimental IV-curve with 7.3 uW 
of energy introduced via e-beam (at 17 keV), the blue dashed line is experimental with 29 
uW, and the purple dashed line is experimental with 80 uW. The solid, colored lines are 
the final, simulated approximations of the device for each respective input energy. The 
dashed gray line shows the raw device simulation data for 80 uW of power introduced, 
which assumes a near-perfect device, before the resistance model is added—compare this 




We can also see this expressed numerically in Table 1. In the ideal simulated 
diode (directly from the device simulations), we have a high open-circuit voltage mainly 
because it has no defects at all, not even from parasitic resistances in the contacts. We can 
see the difference after adding the ideality and resistance models to the ideal simulated 
diode, where the open-circuit voltage drops from 3 V to 1.3 V. Both the experimental and 
simulated resistance models expect around 4 uA at 0 V applied to the device and 80 uW 
of power from the e-beam. With an open-circuit voltage of around 1.3 V, the model and 
experiments show a device power expected to be over 2 uW (and thus an efficiency of 
around 3%). 
 
Table 1: Illuminated electrical characteristics at 80 uW power deposited in the sample. “Sim–Ideal” 
shows the expected performance based on device simulations, “Sim–Resistance” is after the 
resistance model has been applied to the device simulation model, and “Experimental” is the 
experimental results. 
 Sim. – Ideal Sim. – Resistance Experimental 
Isc (uA) 4.34  4.34 4.03 
Voc (V) 3.03 1.3 1.3 
Device Power (uW) 12.43 2.34 2.33 
Fill Factor (%) 94.5 41.5 44.4 









Table 2: Illuminated electrical characteristics with simulated Ni-63 source at 13.6 uW power. 
 Sim. – Ideal Sim. – Resistance 
Isc (uA) 0.28 0.28 
Voc (V) 2.95 0.44 
Device Power (uW) 0.78 0.068 
Fill Factor (%) 94.3 54.7 
PCE (%) 5.7 0.5 
 
Using the Ni-63 absorption profile, described previously, under 13.6 uW of power 
(5 GBq of activity) instead of the SEM profile, we get the results seen in Table 2. This 
model assumes a stacked PIN design with energy collected in both a top and bottom PIN 
device. This model takes into account backscatter off of the sample surface, as well as the 
self-absorption of electrons within the Ni-63 source. With an ideal diode (no defects or 
parasitic resistances), we expect a high open-circuit voltage of 2.95 V, while this drops to 
only 0.44 V when we add in defects due to ideality and parasitic resistances. This is 
responsible for dropping the efficiency from 5.7% to only 0.5%, resulting in an output 
power of around 68 nW. 
Next, the model was matched to an experiment done by Cheng et al. [14] in order 
to test its accuracy with a device that experimentally underwent Ni-63 bombardment. 
This experiment was chosen in particular, because it matches closely to the specifications 
of the project that we are working on and developing a device for and is taken as state-of-





Table 3: Illuminated electrical characteristics with Ni-63 source at 50 nW power. 
 Sim. – Ideal Sim. – Resistance Experimental[14] 
Isc (pA) 617.6 617.6 568 
Voc (V) 2.58 1.7 1.64 
Device Power (nW) 1.59 1.05 0.93 
Fill Factor (%) 54.8 54.3 53 
PCE (%) 1.74 1.14 0.98 
 
In Table 3, we see that, after our resistance model is applied to the device 
simulations of their device, the model’s expected efficiency is 1.14%—only 0.16% 
higher than the experimental efficiency of 0.98%. Note that, since the material properties 
related to the iron doping of their intrinsic region were not fully detailed, values from 
literature [61, 62] were used instead. The electron mobility of their iron-doped material 
was also assumed to be state-of-the-art quality, which explains why the model 
overestimated the expected short-circuit current and thus device power. 
Simulations Summary 
In conclusion, we have demonstrated a betavoltaic model that involves emission 
of the most probable beta particle energy from Ni-63 (17 keV) directly into a GaN-based 
PIN device. The model takes into account losses through contacting metals, losses by 
energy absorption efficiency of electrons into GaN-like materials, losses due to electron-
hole pairs that are created outside of the intrinsic region of the device, and defects due to 
recombination and parasitic resistances (ideality factor and series-shunt resistances). 
We have demonstrated that the model matches well with experimental results of a 




demonstrated that the model matches well with Ni-63 bombardment results from 
literature. In the end, we expect that the device could operate with an efficiency and 






DEVICE AND MATERIAL LONGEVITY 
 
 In order to verify the longevity of our GaN PIN while undergoing a 100 year 
dosage of Ni-63 beta particles, an experiment was carried out using an SEM to mimic the 
Ni-63 material. There are various measurements that can be performed to determine 
electrical and physical changes of a material from bombardment.  For instance, CL 
measurements can determine if there were any changes in the device absorption or 
emission profiles.  AFM and SEM results determine if there are any physical changes in 
surface roughness.  The IV/CV curves tell us if there are any electrical changes in device 
performance due to bombardment.  TLM measurements indicate changes in contact 
resistance, and DLTS measurements inform us of any changes in defect densities 
throughout our device. 
Ni-63 Dose-Equivalence Calculations 
In order to determine how long a sample needs to be bombarded for under SEM 
illumination in order to achieve an equivalent dosage in Ni-63, the following equations 
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 As described in Equation 10, we can see that JSEM is the current density 




specimen beam current (in amps, or C/s) and SAbeam is the surface area of bombardment 
(the size of the SEM beam in cm2).  
 In Equation 11 we have the current density calculation for Ni-63 over a 1 cm2 
surface area.  Here, A is the radioactivity of Ni-63 (for example, 5 GBq in our 
experiments), which is halved since only particles in the downward direction would enter 
our sample (while the other half would be emitted away from our sample, as in the case 
of the SEM bombardment), η is the source efficiency (fraction of beta particles that are 
not lost due to self-absorption within the source), and q is the elementary charge (1.602 x 
10-19 C).  
 Recall that the density of Ni-63 is 8.91 g/cm3 and the specific activity of Ni-63 
per gram is 2.2 x 1012 Bq/g.  This corresponds to around 1.96 GBq/um*cm2, and thus 
2.55 um of Ni-63 will be required for a 1 cm2 surface area to achieve 5 GBq. Finally, 
Figure 8 tells us that we can expect a source efficiency of around 20% for 2.55 um of Ni-
63 (and so η = 0.2).  
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 Finally, in Equation 12 we can see the conversion between SEM and Ni-63, 
where we input an amount of time, t, for SEM bombardment and get an equivalent-
dosage amount of time for Ni-63.  
Material Longevity Bombardments 
 The first bombardment experiments performed were designed to see if the GaN 
material itself degrades over a long exposure to beta particles. An electron energy of 25 
keV was used for these experiments with a beam current of 5450 pA, and bombardment 




year dose of beta particles (30 minutes under SEM).  These experiments were performed 
on n-type, intrinsic, and p-type GaN.  
 As can be seen in Figure 12, the CL profile of i-GaN bombardment remains 
unchanged for the most part, as there is no noticeable change to magnitude or shape.  
Additionally, referring to Table 4, we can see that there is no noticeable change to 
material mobility, resistivity or bulk concentration.  As discussed previously, these results 
fall in line with what we expect for SEM bombardment at this level of SEM energy.  
 Similar results are seen with n-GaN, as can be seen in Figure 13, as there is again 
no significant change in either shape or magnitude during bombardment. These results 
are confirmed with IV results as seen in Table 5, where there is again no major change 
seen in material mobility, resistivity or bulk concentration.  This is again consistent with 
the behavior we expect from SEM bombardment of n-GaN at these SEM energy levels.  
 Finally, we can see in Figure 14 that p-GaN does not show any major changes to 
CL intensity or shape during this 30 minute bombardment.  We do see some minor 
variations in IV characteristics, seen in Table 6, though such a small variation in these 
parameters could likely be due to the poor quality that indium contacts make when paired 
with p-type GaN, which results in small fluctuations between each measurement 
(sometimes up to a 10% fluctuation).  Such a small variation was not seen to have any 




















Table 4: i-GaN 5x5 electrical properties before and after 30 minutes of SEM irradiation.  
 Mobility (cm2/Vs) Resistivity (Ωcm) Bulk Conc. (cm-3)
No irradiation 258.89 0.328 -7.346 x 1016 
30’ irradiation 262.30 0.325 -7.316 x 1016 
% change 1.32% -0.91% -0.41% 
 
Table 5: n-GaN 5x5 electrical properties before and after 30 minutes of SEM irradiation.  
 Mobility (cm2/Vs) Resistivity (Ωcm) Bulk Conc. (cm-3)
No irradiation 303.88 0.0129 -1.592 x 1018 
30’ irradiation 308.87 0.0129 -1.569 x 1018 
% change 1.64% < -0.1% -1.44% 
 
Table 6: p-GaN 5x5 electrical properties before and after 30 minutes of SEM irradiation.  
 Mobility (cm2/Vs) Resistivity (Ωcm) Bulk Conc. (cm-3)
No irradiation 13.86 2.953 1.525 x 1017 
30’ irradiation 13.04 3.196 1.562 x 1017 






 Considering that literature postulates that p-GaN material sometimes sees changes 
in its CL properties after exposure to SEM bombardment (though typically with higher 
electron energies than what we see with Ni-63, and often with poorly-annealed p-type 
material), we decided to perform an extended SEM bombardment over an area of 230 x 
173 um2 for p-GaN (same beam parameters), which had a Ni-63 equivalence of 36 years.   
 These results can be seen in Figure 15, where we have mapped the defect band 
peaks (in blue) over time, and the GaN peaks (in orange) over time.  Although we see 
minor variations throughout the duration of the bombardment for both peaks, the 
variations appear to be insignificant.  In particular, our GaN peak does not appear to have 
any real changes to peak magnitude, nor does the magnitude seem to follow any trend.  
 
 







 In summation, we have seen that for n-type, intrinsic and p-type GaN materials, 
we have not seen any significant changes in CL shape or magnitude, material mobility, 
resistivity or bulk conductivity over a 30 minute SEM bombardment (2.5 year Ni-63-
equivalence).  Especially with p-GaN, which was further bombarded for a total of 110 
minutes over a smaller area (a 36 year Ni-63-equivalence), we saw no noticeable changes 
to the CL shape or magnitude.  As discussed before, literature shows that changes are 
only significantly noticed with either high beam energies (especially over 1 MeV) or 
sometimes with poorly-annealed (or not annealed) p-doped GaN.   
Contact Longevity Bombardments 
 Additional bombardments were performed to determine the effects of beta 
particles on device contacts and the contact interface.  Since our device design assumes 
our beta particles will be penetrating the thin p-GaN spreading layer, experiments were 
carried out using Ohmic contacts on p-GaN.  IV/CV curves, CL, AFM and SEM imaging 
were all performed to determine if any changes would occur.   
 The contacts chosen were saw-shaped diodes, with the Ohmic side (comprised of 
10 nm/10 nm Ni/Au) appearing a gold color in Figure 16 and the Schottky side 
(comprised of 50 nm Ni) appearing white.   
 An electron energy of 20 keV, along with an SEM specimen current of 5700 pA 
and a beam area of 437 x 328 um2, resulting in a dose-equivalence of 34 years’ worth of 
Ni-63 was injected through the device contacts.  An optical microscope image of the p-
GaN contacts can be seen in Figure 16, where the yellow box denotes the targeted area 
for bombardment (though the beam drifts over time, so it may sometimes fall slightly 







Figure 16: Optical microscope image of p-GaN contact bombardment – before bombardment.  
Yellow box roughly denotes targeted bombardment area.  
 
 
 A visual inspection can be seen in Figure 17 through Figure 20 via SEM image 
results.  These figures feature a progression of SEM images starting with no 














Figure 18: SEM results for p-GaN contact bombardment – after 2 hours. Yellow arrow points out 
hydrocarbon contamination, causing darkened area in SEM.  Red, circled areas denote additional 
hydrocarbon contamination due to handling of sample.  
 
 
 In Figure 18, after 2 hours of bombardment, a darkened area is clearly seen where 
the bombardment took place, pointed out by a yellow arrow.  This is likely due to 
hydrocarbon contamination from the SEM beam, and appears to be only superficial, not 
having an impact on device properties or performance (as we will see).  The red circles 
denote areas of additional hydrocarbon contamination, unrelated to the bombardment of 
electrons.  Other than the darkening in the bombardment area, no clear changes are noted 










Figure 19: SEM results for p-GaN contact bombardment – after 4 hours.  Yellow arrow points out a 
sliver of bombarded area with slightly less darkening than the main bombardment area.  This is 
likely due to beam drift over time.  
 
 
 Because of the slight drift in the SEM over time, we can see in Figure 19 a sliver 
of newly-contaminated material with slightly less darkening than the main bombardment 
area, as pointed out by the yellow arrow.  Otherwise, no new changes can be seen in this 
figure that can be attributed to SEM bombardment.   
 When finally comparing this with Figure 20, after 6 hours of bombardment, we 
can confirm that there are no visible signs of contact degradation.  Again, the only change 










Figure 20: SEM results for p-GaN contact bombardment – after 6 hours. Ultimately we can see no 
visible signs of contact degradation, other than a slight coloration change due to carbon 
contamination from the SEM beam.  
 
 
 Finally the AFM results for this bombardment can be seen in Figure 21, where (a) 
denotes the area of the sample before bombardment and has an RMS roughness of around 
0.911 nm in the highlighted box, (b) is the same area after 2 hours of bombardment and 
has a roughness of 0.759 nm, (c) is that area after 4 hours of bombardment with a 
roughness of around 0.655 nm and (d) is after 6 hours of bombardment with a roughness 
of 0.755 nm.  
 From these results we can see (both visually and numerically) that the p-type pads 
did not undergo any significant degradation or abrasion from the e-beam bombardment, 
since the roughness stayed essentially the same (in the general range of around 0.7 or 0.8 







Figure 21: AFM results for p-GaN contact bombardment – (a) before bombardment, (b) after 2 




Figure 22: Cathodoluminescence results for 6 hour p-GaN contact bombardment.  
 
 
 As can be seen in Figure 22, the CL profile and magnitude of the sample does not 




fluctuations in the CL intensity in the defect band, though this can be explained as 








 Figure 23 shows the normalized defect CL peak with respect to the GaN peak for 
the 6 hour p-GaN contact bombardment.  Though the data begins fluctuating after around 
2 hours of bombardment, the data still stays around the same magnitude and shows no 
clear trend in either direction.  This coincides well with the data from Figure 22, which 
shows no trend in the defect band CL intensity, and verifies our expectations of no real 
significant trend from the 110 minute p-GaN material bombardment in Figure 15.  
 In Figure 24 and Figure 25 we can see the IV and CV curves for this device, 
respectively.  Although there is a variation in the overall magnitude of the IV curve, the 
magnitude change has no clear trend and appears to be due to natural variations while 






Figure 24: IV Curves for 6 hour p-GaN contact bombardment.  
 
 
 Similarly, the CV curves in Figure 25 show essentially no change in shape or 
significant change in magnitude.  Any differences here could easily be explained as 
fluctuations in the measurements, as even multiple CV measurements in a row often yield 
similar slight variations.  Since the capacitance is so low (due to the lack of a PN 
junction, thus the only capacitance is due to the contacts), these fluctuations are typical as 






Figure 25: CV Curves for 6 hour p-GaN contact bombardment.  
 
 
 In summary, no significant changes were seen in any of the aforementioned 
measurements, meaning that both our device and its contacts should be very resilient to 
Ni-63 beta particles at least for 34 years’ worth of Ni-63 exposure.  
100 Year Ni-63 Equivalent Bombardment 
 Finally, bombardments were performed to determine the effects of beta particles 
on device contacts and the contact interface for a 100 year Ni-63-like dosage.  IV/CV 
curves, CL, AFM and SEM imaging were again all performed to determine if any 
changes would occur.  In this round of bombardments, we did a full bombardment for 10 
hours without taking the sample out of the SEM for external characterization (thus 




 An electron energy of 20 keV, along with an SEM specimen current of 5700 pA 
and a beam area of 437 x 328 um2, resulting in a dose-equivalence of 102 years’ worth of 
Ni-63 was injected through the device contacts (18 hours of SEM bombardment).   
 The contacts chosen were again saw-shaped diodes, with the Ohmic side 
(comprised of 10 nm/10 nm Ni/Au) appearing a gold color in Figure 26 and the Schottky 
side (comprised of 50 nm Ni) appearing white.  This time, both the Ohmic and Schottky 
side of the contacts were bombarded so that electrical changes in either type of contact 
could be monitored.  The bombarded area is roughly within the area depicted in the 
yellow box here.  
 
 
Figure 26: Optical microscope image of p-GaN contact (before bombardment) 
 
 
 The SEM progression during bombardment can be seen in Figure 27 and Figure 
28, showing a 126x magnification and 328x magnification, respectively. The most 
significant change observed here is the hydrocarbon contamination box (appearing as the 




bombardments.  The higher magnification SEM images show that there are no obvious 
physical, visible changes that appear to be happening during the 18 hour bombardment.  
 
 
Figure 27: SEM image of p-GaN contact bombardment at 126x – a) before bombardment, b) after 6 
hours of bombardment, c) 12 hours and d) 18 hours of bombardment  
 
 
 Similarly, one can observe that there are no major physical changes in surface 
morphology by AFM inspection.  In Figure 29, it is seen that the step height of the Saw 5 
Schottky contact showed no real changes in height (51.433 nm before and 51.571 nm 
after bombardment).  This shows that the contact was not worn down via abrasive forces 





Figure 28: SEM image of p-GaN contact bombardment at 328x – a) before bombardment, b) after 6 
hours of bombardment, c) 12 hours and d) 18 hours of bombardment  
 
 
Figure 29: A 30 um x 30 um AFM image of p-GaN contact bombardment– a) step height 






 Similarly, Figure 30 shows an AFM RMS roughness measurement on the Saw 5 
Schottky contact surface, with no major changes to surface roughness before and after 
bombardment (2.127 nm vs 2.139 nm roughness, respectively).  
 
 
Figure 30: AFM image of p-GaN contact bombardment – contact RMS roughness measurement a) 
before bombardment (2.127 nm, 1.080 nm inside box) and b) after 18 hours of bombardment (2.139 
nm, 0.930 nm inside box) 
 
 
 Finally, Figure 31 shows the AFM RMS roughness measurement on the GaN 
field between Saw 5 and Saw 6.  Although the roughness changes were more pronounced 
than on the contact, they were less than 1 nm difference (2.297 nm before and 1.696 nm 






Figure 31: AFM image of p-GaN contact bombardment – GaN field RMS roughness measurement a) 
before bombardment (2.297 nm, 1.087 nm inside box) and b) after 18 hours of bombardment (1.696 
nm, 0.890 nm inside box) 
 
 
 As seen in the 6 hour bombardment results, the CL spectrum of the sample 
showed no signs of obvious changes throughout the duration of the 18 hour 
bombardment.  This can be seen in Figure 32, which shows constant fluctuations between 
450 and 650 detections.  There were no observed trends to changes in shape or magnitude 






Figure 32: CL image of p-GaN contact bombardment, showing fluctuations between 450 detections 
and 650 detections at the 440 nm wavelength.  Note that 0 hours (day 1 start), 6 hours (day 2 start) 
and 15 hours (day 3 start) are typically the lowest measurements of the day, most likely because 




 Finally, the IV/CV characteristics of Saw 5 and Saw 6 were performed, with the 
IV characteristics seen in Figure 33 and Figure 34, respectively.  It is clear here that there 
were no major changes in the IV properties of either saw diode before and after 
bombardment, telling us that both Schottky and Ohmic contacts do not experience any 






Figure 33: IV characteristics of p-GaN Saw #5 contact bombardment showing no significant change 






Figure 34: IV characteristics of p-GaN Saw #6 contact bombardment showing no significant change 
between no bombardment (blue) and the full 18 hour bombardment (orange).  
 
 
 Similarly the CV characteristics can be seen in Figure 35 and Figure 36 for Saw 5 
and Saw 6, respectively.  No major changes to the shape of the CV curves were noted 






Figure 35: CV characteristics of p-GaN Saw #5 contact bombardment showing no significant change 






Figure 36: CV characteristics of p-GaN Saw #6 contact bombardment showing no significant change 
between no bombardment (blue) and the full 18 hour bombardment (orange) -- 10 kHz frequency  
 
 
 In summation, it can be seen from AFM and SEM measurements that we can 
expect no significant structural changes to both the contacts and semiconductor materials 
throughout a 100 year equivalent Ni-63-like bombardment.  Additionally, CL 
measurements show that we can expect no major changes to the luminescence profile, 
and IV/CV measurements clearly show that there should similarly be no significant 
changes in the electrical properties of the contacts and material.  
Controlling for Sample Heating 
 In order to ensure that the SEM bombardment would not heat our sample up 
(more than would be expected from Ni-63 exposure) and have an impact on the results of 




our samples could reach under SEM bombardment.  Using an SEM electron energy of 20 
keV, a sample current of 5700 pA and an illumination area of approximately 437 x 328 
um2, the energy flux can be calculated as:  
	 	 795	 ,   (13) 
 Note that the energy from sunlight in Low-Earth Orbit (LEO) is approximately 
1350 W/m2.  From this, we can use Stefan–Boltzmann law (Equation 14) to determine the 
equilibrium temperature that our sample would reach given 795 W/m2 of energy flux.  
This equation will give us the equilibrium temperature reached when the rate of energy 
emitted is equal to the rate of incident energy:  
∗ 	 	 ∗ ∗ ,   (14) 
where σ = 5.670367 x 10-8 W m−2 K−4 and we will assume an ideal radiator (emissivity ε 
= 1) as the worst-case.  Solving for T with an energy flux of 795 W/m2, we get a 
theoretically-maximum equilibrium temperature of 70.9 °C.  Keep in mind that this is not 
even considering backscatter and thermal dissipation through the device packaging, 
which would lower the equilibrium temperature even further.  
 In summary, considering that the annealing temperature of our contacts is over 
400 °C, and the annealing of our p-GaN material is done at over 800 °C, this temperature 
is low enough to where it should not have a noticeable impact on our experiment. Also 
note that, for an ideal radiator in LEO exposed to sunlight (1350 W/m2), we would expect 
an equilibrium temperature of only around 119.9 °C (which is what we expect satellite 






MATERIAL AND DEVICE STUDY 
 
 We now have a working model that includes Ni-63 emission, beta particle 
absorption into GaN, and the expected device performances taking into account 
inefficiencies due to material quality and contact defects. At this point we also expect that 
our GaN material and contacts will be very resilient to exposure to beta particles from our 
Ni-63 source.  The next step is to design the device itself.   
 In order to increase device efficiency, the electric field spanning our intrinsic 
region must be strong enough to span the entire region (thus reducing the amount of 
recombination that occurs in the intrinsic region).  As mentioned previously, this can be 
done either by increasing the carrier concentration of the p-GaN region, or by reducing 
the carrier concentration in the intrinsic region.  Since our p-GaN is already optimized, 
we have chosen to reduce the i-GaN carrier concentration by using BGaN, a boron-based 
alloy of GaN.   
Carrier Density Study 
 In order to experimentally verify previous results that have been done [52] with 
data points closer to our target of around 0.9% boron, and to determine whether or not 
BGaN grown with hydrogen as a carrier gas has similar material properties as BGaN 
grown under nitrogen, various BGaN growths were performed and characterized.  In 
Figure 37, we can see four growths made under nitrogen as blue dots: T1344 (0.2%B), 
T1346 (0.9%B), T1340 (1.4%B) and T1335 (1.7%B).  The blue line that has been 
graphed comes from the previous experimental results.  We can see that our experimental 




for our equipment to be able to measure (likely 1014/cm3 or below, since we have 
successfully measured samples that were around 1015/cm3).   
 
 
Figure 37: Carrier density and Mobility of BGaN as a function of boron composition.  Note that 
points T1340 and T1335 were too resistive to measure and so are placed at the bottom of the chart.  
 
 
 The green dot is a sample grown with hydrogen as a carrier gas – T1334 (0.9%B), 
and unfortunately it does not seem to follow the reduced carrier density material property 
that BGaN grown under nitrogen appears to exhibit.  One possible explanation for this is 
that BGaN grown under hydrogen grows extremely columnar (with nano-columns of 
BGaN), which could have a strong impact on the resistivity (and thus carrier density 
calculations) when measured across the material horizontally.  This growth property is 
not seen in BGaN grown under nitrogen to the same extent, as BGaN under nitrogen 













Figure 39: SEM image of T1335 – 1.7% BGaN/GaN STN N2 (450 nm) at 3 K X.  Inset at 30 K X. 
 
 
 In Figure 38 and Figure 39 we can see an SEM-image comparison of BGaN 
grown under hydrogen and BGaN grown under nitrogen, respectively.  Notice that, even 
though T1334 (under H2) has less boron incorporation and is thinner than T1335 (under 
N2), the surface is noticeably rougher and exhibits nano-column-like structures (with an 
RMS roughness of around 40 nm). We can see that T1335, on the other hand, is smoother 
and less columnar, even though it has nearly twice as much boron and is 100 nm thicker.   
 In a related study, the luminescence peak of BGaN (sample T1346, 0.9%B under 
N2) was calculated to be around 369 nm.  Unfortunately the minority carrier lifetime 
could not be determined, since the lifetime was too short for our equipment to be able to 





BGaN Smoothing Layer Study (BGaN under H2) 
 Now that we have confirmed that we expect BGaN grown under nitrogen to have 
a decreasing carrier density with increasing boron composition, we can grow a device to 
take advantage of this feature – a BGaN-based PIN.  As stated previously, since BGaN 
grows with a 3D surface morphology with even small amounts of boron incorporated, a 
smoothing layer will be required to have a PIN device that can have high-quality contacts 
on the p-GaN cap.  
 The first BGaN PIN growth was done with a hydrogen carrier gas for BGaN (for 
comparison purposes), who’s structure can be seen in Figure 40 (sample referred to as 
“T1277”).  It includes 400 nm of BGaN (with 0.3% boron) followed by a 100 nm lateral-
growth of magnesium-doped GaN in order to act as a smoothing layer for the underlying 
BGaN layer.  
 
 







 In Figure 41 and Figure 42 we can see SEM images taken of the T1277 sample. 
Apart from the V-pits in the surface (which, as we will see later, are likely due to 
substrate defects and are common with p-GaN), we can visually see a very smooth 
surface.  Compare this to the results from Figure 38, which has a slightly higher boron 
composition but similar growth conditions under hydrogen.  
 It should be noted that in Figure 43, particularly, we can see a very smooth 
growth on the plateaus themselves, with the plateaus acting as the majority of the overall 





















 As can be seen from the AFM results in Figure 44, the surface quality of T1277 
was extremely good (< 1.2 nm roughness). Keep in mind that, electrically, the lateral 
growth of GaN behaves similarly to an intrinsic GaN layer, and therefore the T1277 PIN 




Figure 44: AFM image of T1277 BGaN PIN.  The surface roughness between the V-pits (in the yellow 




  Now that the surface of T1277 has been analyzed, we can move on to looking at 
the material of the sample from a cross-section perspective.  To do this, STEM was 
performed on the sample, as can be seen in Figure 45.  The 100 nm lateral-growth layer is 




with noticeable defects.  These defects are likely due to the lateral-growth layer having 
been performed too quickly, and could be fixed in future growths by reducing the growth 
rate during this phase.   
 
 
Figure 45: STEM HAADF image of T1277 BGaN PIN under hydrogen. 
 
 
 It can also be seen here that the p-GaN layer has grown thicker than predicted, 
and is actually closer to around 300 nm instead of the expected 200 nm.  This means that 
the p-GaN grew at a faster rate than during previous calibrations, and the growth rate 






Figure 46: STEM HAADF image of T1277 showing a high quality material above and below GaN 
smoothing layer.  Red box denotes area where Figure 47 is taken.  
 
 
 In Figure 46 we can see very clearly that the BGaN growth quality was very good, 
since the incorporation of boron was very low (only around 0.3%).  Again, the only 
defects visible in the image are due to the lateral-growth layer.  The red box in this figure 






Figure 47: STEM HAADF close-up of T1277 showing a good crystalline structure in the lateral-




 This image shows us that the crystalline quality of the lateral-growth layer is good 
outside the area of the gaps (black, where the material density is very low).  We can 
confirm this by performing a FFT of Figure 47, seen in Figure 48, to get a reciprocal 
space mapping.  The periodic crystalline structure can be noted, along with a relatively 






Figure 48: FFT from STEM of T1277 performed in lateral-growth region of PIN (from Figure 47). 
 
 
 The T1277 device was the first time a BGaN-based PIN has ever been 
constructed, as far as we are aware.  It serves as a proof-of-concept that a lateral-growth 
layer can successfully smooth the 3D surface roughness witnessed in BGaN, and can act 
as a nice surface for depositing contacts. The T1277 device was not, however, processed, 
since material analysis results (as discussed before) for BGaN grown under hydrogen are 
not expected to have a low carrier concentration.  It is therefore expected that T1277 




with BGaN grown under nitrogen, which does exhibit the desired low carrier-
concentration.  
BGaN Smoothing Layer Study (BGaN under N2) 
In Figure 49 we can see the structure of T1353, the first BGaN PIN grown under 
nitrogen. Two subsequent growths were also performed with the same structure but 
differing boron incorporations: T1379 (1.24% boron) and T1382 (1.2% boron) and had a 
BGaN intrinsic region of 500 nm (instead of 400 nm).  An additional growth was also 
attempted, labeled T1403, but with an unknown BGaN thickness (though at least 500 nm) 
and a 1% boron incorporation.  One final growth, T1405, was grown with the exact same 
specifications as T1353.  This section will detail and discuss the results of all of these 
growths.   
 
 





SEM results for these growths can be seen in the following figures.  In Figure 50 
and Figure 51 we can see results for T1353b at 5 K X and 50 K X magnification, 
respectively.  The typical p-GaN V-pits (as seen earlier in T1277) are also seen in T1353 
(which we will see in more detail in the STEM results for this sample).  These pits are not 
noticed in the T1379 and T1382 samples, however, as witnessed from SEM results in 
Figure 52 and Figure 54, respectively. It is possible that this is due to the fact that the 
strains which caused the V-pits in T1353 were released as cracks in the samples for 
T1379 and T1382 (cracking was rarely seen in T1353, but was prevalent in T1379 and 
T1382).  
 The rougher-appearing surface in T1379 and T1382 (most evident in Figure 53 
and Figure 55) can be explained by the fact that they were grown with 500 nm of BGaN 
instead of 400 nm as with T1353.  If the BGaN layer is grown thicker, then a thicker 
lateral-growth smoothing layer could be required to obtain a similarly-high-quality 
surface.  
 This is exemplified in Figure 56 and Figure 57, which shows SEM results for 
sample T1403 at 10 K X and 50 K X, respectively.  This growth had less boron than 
T1379 and T1382 – only 1%, but was likely grown thicker, with a BGaN layer of at least 
500 nm.  Reflectivity was lost during this growth, so it was not possible to get a good 
estimate of the growth thickness.  The sample has a similar roughness to T1379 and 




 Finally we can see in Figure 58 and Figure 59 the SEM results for T1405b at 10 K 
X and 20 K X, respectively.  These results show a similar quality to T1353b.  Note here 
that there were very few V-pits in this sample, and also very little cracking.  This might 
be due to the smoothing layer covering and burying any cracking that may have occurred, 
the sample might have been grown to an optimal thickness and boron concentration 
which did not have excessive strain resulting in cracking and V-pits, or the substrate may 
have had fewer defects than in the previous run.  A STEM study could be done in the 
future to confirm these suspicions.   
 
 



























Figure 55: SEM image of T1382 (1.2% boron) at 100 K X.  
 
 






Figure 57: SEM image of T1403 (1% boron) at 50 K X.  
 
 






Figure 59: SEM image of T1405b (0.9% boron) at 20 K X.  
 
In Figure 60 we can see an optical microscope image of the T1353 sample, 
showing a relatively smooth surface with very little surface cracking. A few cracks can 


















Comparing this to T1379 and T1382, for example in Figure 62 and Figure 63, it 
becomes clear that cracking is much more commonly seen in these samples. This could 
be due to the fact that their boron concentrations were higher (0.9% for T1353 vs. over 
1.2% for T1379 and T1382), and also because the thicknesses of T1379 and T1382 were 
100 nm more than T1353.  The increased lattice mismatch between a higher boron BGaN 
layer and the n-GaN template, along with the increased thickness of the BGaN layer, 
could be making the sample more susceptible to crack formation [63].  
 
 
Figure 62: Optical microscopy image of T1379 after processing, showing cracks that extend down to 








Figure 63: Optical microscope image of T1382 after processing, showing cracks extending down to 
the GaN-STN template.  10x magnification 
 
Likewise, Figure 64 shows the T1403 sample with similar cracking to the T1379 
and T1382 samples.  In Figure 65 we can see a 100x magnification close-up which 
















 Lastly, the T1405 growth consisted of two quarter pieces of a 2-inch wafer 
(labeled as T1405a and T1405b).  One can see the T1405a sample in Figure 66, bearing a 
close resemblance to T1353 (as expected, since it is the same growth parameters).  The 
entire surface is crack-free near the center of the sample, but exhibits some edge cracking 
as seen in Figure 67.  In Figure 68 and Figure 69, one can see what is potentially a crack 
that has been covered by the lateral-growth layer.  In Figure 70, sample T1405b is shown 
with no cracking anywhere on the sample, except for some light cracks near the edge (as 














Figure 67: Optical microscope image of T1405a showing cracking near edge.  10x magnification 
 
 
Figure 68: Optical microscopy image of T1405a showing potentially-covered crack by lateral-growth 







Figure 69: Optical microscopy image of T1405a showing potentially-covered crack by lateral-growth 











Figure 71: Optical microscopy image of T1405b showing light cracking on edge of sample, likely due 
to wafer cutting.  10x magnification 
 
 
Figure 73 shows the AFM image for a 5 um x 5 um square piece of sample 
T1353b, which displays a very high quality surface of around 1.1 nm roughness (inside 
the yellow box) or around 1.5 nm roughness overall.  One can compare this with Figure 
72, which is the same growth as T1353 but without the smoothing and p-GaN layers. The 
roughness has essentially been reduced from over 5 nm RMS to around 1 nm RMS 
roughness due to the smoothing layer growth and p-GaN cap.   
T1353 can also be compared with samples T1379 in Figure 74 and T1382 in 
Figure 75, which show a roughness of around 5.6 nm overall (6 nm in the box) and 11 nm 
overall (3.3 nm in the box), respectively.   Note again that these two samples have a 
higher boron concentration than T1353b and were also grown to be 100 nm thicker, 





Figure 72: AFM image of T1346 (400 nm bulk BGaN with 0.9% boron – no smoothing or p-GaN cap) 






Figure 73: AFM image of T1353b (0.9% boron) showing an RMS surface roughness of 1.566 nm 




Figure 74: AFM image of T1379 (1.24% boron) showing an RMS surface roughness of 5.57 nm (6.02 







Figure 75: AFM image of T1382 (1.2% boron) showing an RMS surface roughness of 10.99 nm (3.3 
nm inside yellow box). 
 
 
In Figure 76 one can see the AFM results for T1403, which shows a very rough 
surface of around 34 nm RMS roughness (and about 32 nm roughness inside the yellow 
box).  Again, this sample had a very thick BGaN intrinsic region (likely over 500 nm) 
and had a higher boron concentration than our good-quality T1353b sample.  It is 
possible that, with a thicker smoothing layer (maybe 200 nm instead of 100 nm), this 
could have been smoothed out better.  The issue of a high-incidence of cracking, 







Figure 76: AFM image of T1403 (1% boron) showing an RMS surface roughness of 34.151 nm 
(31.789 nm inside yellow box). 
 
Finally we can see in Figure 77 the AFM results for T1405b, which shows a 
similarly high-quality surface that was seen in T1353b.  The RMS roughness here was 
about 3 nm overall, or 1.2 nm in the yellow box.  This is not surprising, since T1405b and 







Figure 77: AFM image of T1405b (0.9% boron) showing an RMS surface roughness of 3.250 nm 
(1.257 nm inside yellow box). 
 
A STEM study for T1353b was also performed in order to get a better idea of the 
material quality itself as it was grown.  For instance, in Figure 78 one can clearly see the 
general boundaries between the BGaN (around 400 nm - yellow), p-GaN lateral growth 
layer (around 100 nm - red) and p-GaN cap (around 200 nm - green).   Also seen here is a 
discoloration (marked with a white arrow) that denotes where the surface V defect 






Figure 78: STEM HAADF image of T1353b showing effectiveness of BGaN smoothing layer. 
 
A close-up can be seen in Figure 79, which shows that only a few defects are able 
to propagate to the surface through the later growth layer.  This shows that the lateral 
growth layer is effective at stopping defects from propagating to the surface, and also that 






Figure 79: STEM HAADF image of T1353b showing defects successfully blocked by lateral growth 
layer, with very few making it to the device surface.  
 
A close-up focusing on the BGaN-lateral growth interface can be seen in Figure 
80, where the green arrow indicates the lateral-growth region, and the blue arrows 
indicate the BGaN region.  One particular thing to note here is just how quickly the 
lateral-growth layer smooths out the rough BGaN surface – it can be seen that after only 
about 100 nm of lateral growth, the surface already looks very consistent and of a good 




Additionally, one can see here that the quality of the BGaN growth itself appears 
to be constant regardless of the thickness that the BGaN is grown: from within the first 
100 nm onward, the BGaN material exhibits an amorphous appearance that maintains 




Figure 80: STEM HAADF image of T1353b showing consistent BGaN quality independent of BGaN 





In Figure 81 we can see a similar image, but one which highlights the blockage of 
defects in the lateral-growth layer.  As can be seen highlighted by the yellow arrow here, 
a defect originating from the BGaN layer is successfully blocked by the lateral-growth p-
GaN layer.   The red box in this figure denotes the close-up area on which Figure 82 is 
based.   
 
 
Figure 81: STEM HAADF image from T1353b showing blockage of defects during lateral growth 





In Figure 82 one can see a close-up of the material gap (dark colored spot) from 
Figure 81.  It should be noted that the crystalline quality of the BGaN is still clearly of a 
high quality here, even in the presence of a gap in the material.   
 
 
Figure 82: Close up STEM HAADF image of T1353b showing good crystalline quality of BGaN 
material even around gap in material (dark area).  
 
Finally, Figure 83 shows the FFT plot based on the BGaN region as depicted in 
Figure 82.  Similarly with the T1277 BGaN PIN sample (grown under H2), we can see a 




high of a quality crystalline structure as T1277 was (since we have more extraneous 




Figure 83: FFT from STEM of T1353b performed in BGaN region of PIN (based on Figure 82). 
 
 
 In summary, we have demonstrated the successful growth of a BGaN-based PIN 
structure grown under both hydrogen and nitrogen carrier gasses.  The smoothing, lateral 
p-GaN growth layer was successful at smoothing out the rough BGaN surface and 







FINAL DEVICE PROCESSING AND PACKAGING 
 
Now that we have come up with various potential designs for a Ni-63 betavoltaic 
battery, the next step is to process and test these designs electrically.  In the following 
sections we will discuss the designs that were used for battery testing, some processing 
techniques used, as well as the final product packaging.   
Device Processing 
 Three different GaN-based PINs were grown, as seen in Figure 84, with a 200 nm 
intrinsic region (samples S0071 and S0109) and with a 600 nm intrinsic region (S0110).  
Our GaN material had an intrinsic carrier concentration that could only realistically 
support a thickness of up to approximately 200 nm, which is why such a thin intrinsic 
region was used in these devices.  The 600 nm intrinsic region device was created as a 
“reach” device, though performance was expected to be poor due to a high recombination 
rate in the intrinsic region (since the built-in electric field would not be strong enough to 






Figure 84: Device structures for a) S0071 and S0109 and b) S0110 GaN PIN devices.  
 
 
In Figure 85, one can see the aforementioned T1405 BGaN PIN structure, with a 
500 nm intrinsic region (400 nm BGaN and a 100 nm lateral-growth GaN region).   
 
 





 Finally, in Figure 86 and Figure 87, one can see the processing design used for the 
S0071 sample.  This device was processed in the Georgia Tech lab facilities in Atlanta, 
GA, and features Ti/Al n-GaN contacts and Ni/Au p-GaN contacts.  The spreading layer 
here is 30 nm thick, in order to minimize Ni-63 absorption.   
 
 
Figure 86: Processing and contacting for S0071 GaN PIN samples (side view) – not to scale.  
 
 
 The surface area of the spreading layer of the device (where the majority of the 
beta particles will enter through) is designed to be very large (approximately 1 cm2) in 
order to match the size of our Ni-63 source, which is slightly larger than 1 cm2, and to 






Figure 87: Processing and contacting for S0071 GaN PIN samples (top view) – not to scale. 
 
 
 The S0109, S0110 and T1405 devices were process by our partner lab, LPN, and 
we therefore do not have access to these designs as they are proprietary.   
 A photograph of an S0071 device can be seen in Figure 88, where the device has 
been mounted on a PCB board and wire bonded to the PCB contacting pads.  Similarly, 
Figure 89 and Figure 90 show the GaN-based PINs of S0109 and S0110, respectively.  
Although the specifics of the design are different, the dimensions are similar (notably, the 






Figure 88: An S0071 GaN PIN device after processing, contacting and being wire-bonded and 
















Figure 90: An S0110 GaN PIN device after processing and contacting (non-annealed).  
 
 
 Finally, Figure 91 shows a BGaN PIN device, processed similarly to S0109 and 
S0110, except the device is approximately 4x4 mm2.  A smaller size was used because 
only two ¼ wafers were grown due to time constraints (rather than a full 2” wafer).  The 
sample shown has been both annealed and baked (thus giving it a darker color).   
 
 












3D-Printed Experimental Package 
 In order to have an easy testbed for the real Ni-63 betacurrent tests, a convenient 
package had to be created that would allow efficient glovebox operation.  This section 
will detail some 3D printed designs that were created for the BATGaN project in order to 
fulfill this requirement.   
 In Figure 92, an angled view of the 3D printed package can be seen.  Notice here 
that the Ni-63 holder can be slid in and out of the package via the tray (bottom left).  The 
package has a device on both the top and bottom halves of the package.  This can be seen 
more clearly in Figure 93 (side view), where the top and bottom halves are sandwiched 
around the Ni-63 source.   
 
 









Figure 93: A 3D model of the 3D-printed testing box design (side view).  
 
 
 Finally, Figure 94 shows a top view of the 3D printed device design, which more 
clearly shows the device PCB (yellow) and the Ni-63 holder position relative to the 
device.   
 
 






 The aforementioned designs were next sent to the 3D printer at our partner 
research company Institut Lafayette, in order to be fabricated.  The end result can be seen 
in Figure 95, which shows the top box (left), bottom box with Ni-63 holder inserted 
(right) and screw mechanism. Here the S0071 GaN PIN devices were mounted onto PCB 
boards and inserted into the 3D printed packaging.   
 Note that the screw mechanism here allows for the devices to be raised and 
lowered so that they are closer to or farther from the Ni-63 source holder.  This allows us 
to vary the distance, and thus the power, delivered to the devices.  It also allows for easier 
loading of the devices and Ni-63 source, and to help prevent damage to the wire bonding 
upon loading.    
 
 
Figure 95: Testing box, allowing for raising and lowering of device platforms and thereby increasing 




 The top and bottom boxes can be seen in Figure 96, but this time with the S0109 
devices loaded.  Note here that insulated cables were used to prevent signal noise during 
the measurements.  
 
 






Figure 97: Ni-63 holder, with mock Ni-63 sample enclosed (in purple).  
 
 
 In Figure 97 one can see a close-up of the Ni-63 holder. The holder is designed to 
snugly fit a thin layer of Ni-63 foil and slide into the tray (as seen in Figure 96).  
 
 
Figure 98: Testing box, closed.  Shows screw mechanism in place that allows for raising and lowering 





 And finally, Figure 98 shows the fully-assembled 3D printed package, with both 
screw mechanism and Ni-63 holder inserted.   
 In conclusion, in this chapter we have discussed the devices that will be used for 
the final device testing, as well as gave an overview of the 3D printed packaging that was 







STUDY OF FINAL DEVICE ELECTRICAL PROPERTIES  
 
 In this chapter we will discuss the electrical characterizations of the devices that 
were discussed in the previous chapter.  This includes the device IV characteristics, SEM 
and EBIC-based characterizations, and Ni-63 tests that were performed.   
 
Device Dark IV Characteristics 
 In order to get a baseline of the device performances, dark IV testing had to be 
done.  The IV characteristics for the S0071.1 (first 2” wafer) GaN PIN (200 nm intrinsic) 
can be seen in Figure 99 and Figure 100, showing the IV and log-IV curves, respectively.  
 
 





 Note that S0071.1 was cut into four devices (A, B, C and D).  For these devices, it 
can be see that the turn on voltage is quite low (around 1 V) and the leakage current is 
rather high (approximately 10 nA).  This is likely due to issues with processing, since no 
passivation was used (due to time constraints), which resulted in a high leakage of the 
PIN.   
 
 
Figure 100: Log-IV Curves for GaN PIN S0071.1.  
 
 
 Similarly, Figure 101 and Figure 102 show the IV and log-IV curves for S0071.2 
(second 2” wafer), respectively.  Note here a very similar performance (as expected) with 
the S0071.1 devices, except S0071.2C (in green), which had a point defect which 














Figure 102: Log-IV Curves for GaN PIN S0071.2.  
 
 
 The S0109A and S0110A (200 nm intrinsic and 600 nm intrinsic PIN devices, 
respectively) can be seen in Figure 103 (IV) and Figure 104 (log-IV).  These devices 
were processed by our partner lab, LPN, and exhibits a significantly improved 
performance.  Note that S0109A has a turn on voltage around 2.5 V, and a leakage 
current of around 10 pA.  The S0110A device, however, has a turn on voltage that is 
closer to only 1 V and a leakage around 10 nA.  This is in line with expectations, since 
the intrinsic region is too thick for our material quality and thus there is a high amount of 






Figure 103: Dark IV Curves for GaN PINs S0109A and S0110A.  
 
 





 A second wafer of S0109 and S0110 (denoted as S0109B and S0110B) were also 
processed by our partner lab, LPN.  The IV and log-IV curves for these devices can 
similarly be seen in Figure 105 and Figure 106, respectively.  Note the similar 
performance with the first wafer (A), though a higher leakage current for S0109B (versus 
S0109A) of approximately 1 nA (instead of 10 pA).  This difference is possibly due to 
scratches that occurred to the contacts during EBIC testing, which may have resulted in a 
small short circuit between the n and p contacts.  A difference in processing or material 
quality could also explain the difference between these two devices.   
 
 







Figure 106: Log-IV Curves for GaN PINs S0109B (non-annealed) and S0110B (non-annealed).  
 
 
 Finally, IV testing of the BGaN PIN, T1405b, can be seen in Figure 107 and 
Figure 108 (again, IV and log-IV, respectively).  This show a turn on voltage of only 
around 0.5 V and a leakage of around 10 nA, which are comparable to the 600 nm 
intrinsic GaN PINs (S0110A and B).  The low turn on voltage is likely due to processing, 
since the BGaN PINs had a p-GaN region that was 150 nm thick, while the GaN PINs 
had a p-GaN region that was 270 nm thick.  The same contacting specifications were 
used for both devices (in the interest of time) and the contacts were not optimized for the 
BGaN PIN devices.  With further contact optimization, it may be possible to increase the 















Device Betacurrents (SEM Illumination) 
 Before Ni-63 testing can be done, it is helpful to first run SEM betacurrent 
measurements (using our SEM equipment’s EBIC functionality) to get an idea of the 
expected performance of these devices.  In order to best mimic Ni-63, an energy of 17 
keV was used for these tests, with a specimen beam power of approximately 80 uW.  
 In Figure 109 one can see the S0109B sample (non-annealed) under no 
illumination (blue) and under 80 uW of illumination, both through the spreading layer 
(orange) and directly on the p-GaN field (grey).  Note that the difference in betacurrent 
through the spreading layer is approximately 22% here (meaning that 22% of our beam 
energy is absorbed by the spreading layer).   
 
 





 Note that this predicts a betacurrent of around 4 uA with 80 uW of incident power 
and a turn on voltage of around 1 V.   
 In Figure 110 one can similarly see the S0109B sample, but annealed this time.  
Note the significant decrease in turn on voltage performance here (less than 0.2 V).  It is 
still not certain why the device performance is lowered upon annealing, but this result is 
consistent with all samples that were processed in this fashion (using both samples grown 
by our lab and commercial samples) and is mostly likely due to processing issues.  
Betacurrent performance, however, is unaffected, as one would expect.  We still expect to 
get out around 4 uA for 80uW of incident power.   
 
 
Figure 110: S0109B (annealed) SEM-based betacurrent with 80 uW incident power (17 keV).  
 
 Finally, Figure 111 shows the betacurrent measurements for the S0110B device, 




0.02 V (since the recombination is very high, as discussed before).  The betacurrent here 
is around 2 uA for an 80 uW incident energy, which is also lower than the 4 uA gotten 
from the 200 nm intrinsic S0109B samples (again, likely due to losses due to 
recombination).   
 
 
Figure 111: S0110B (non-annealed) SEM-based betacurrent with 80 uW incident power (17 keV).  
 
 
Device EBIC Results  
 In addition to SEM-based betacurrent IV measurements, EBIC images were also 
taken of the full device for S0109B.  These images were combined together to create the 







Figure 112: S0109B (non-annealed) EBIC image (17 keV).  N-GaN section is darkest (black), p-GaN 
field (yellow) is brightest, followed by p-GaN spreading layer (purple) and p-GaN pad (blue).  The p 
probe is denoted in orange.  
 
 The black area around the border of the image represents the n-GaN region of the 
device, while the center of the image is the top of the p-GaN mesa.  Clearly seen here are 
the EBIC p-probe (orange), p-GaN field without metals (light grey around the border, 
yellow) and dark grey p-pads (blue).  The spreading layer is the bulk of the visible image 
here (purple).  Note here that the device shows a very consistent betacurrent throughout 
the entire area, with little to no variation (and thus a high quality PIN).   
 Note that the contacts were scratched heavily during the EBIC measurements, as 
seen particularly on the left side of the device, which may have resulted in a high leakage 












Device Betacurrents (Ni-63 Illumination) 
 The final tests involved the usage of real Ni-63.  For our experimental set up we 
had three 3 GBq Ni-63 sources that were electrodeposited onto copper foil (named 
Danton, Marat and Robespierre).  The deposition yield was approximately 80% (giving 
around 2.4 GBq of activity in each source in total).  This results in a source power of 
approximately 3.27 uW of power on each side of the source (or 6.545 uW total).   
 The first test was performed with our best-performing device – S0109A (as shown 
by the IV curve experiments).  The results can be seen in Figure 113, where the black 
curve is the dark current and the red and blue curves are with the Danton and Marat Ni-
63 sources, respectively.  Unfortunately the device’s wire bonding broke during testing of 
the Robespierre source, and thus we do not have data for this source.  
 The betacurrents for Danton was 1.37 nA and 1.26 nA for Marat.  The turn on 
voltage for these devices were both above 0.75 V, which results in an output power of 
approximately 1 nW (and an efficiency of 0.03%, or 0.015% for one-sided collection).  
As we will see later, the betacurrent for this device should have been closer to 2.57 nA, 
but issues with the 3D printed packaging prevented the device from being raised all the 
way up to the Ni-63 source (and thus reduced the potential power that reached the 






Figure 113: S0109A (non-annealed) Ni-63-based betacurrent with 3 GBq activity (80% yield).  
 
 
 If a 2.57 nA current were achieved, however, this would have resulted in a turn on 
voltage of over 0.93 V and thus a power of around 2.39 nW.  The efficiency of this 
device would then be approximately 0.07% (0.038% for one-sided collection).  This is 
almost perfectly in line with the simple modeling results we performed, which predict a 
0.06% efficiency for one-sided collection.  The prediction is approximately 16x less 
efficient than the iron-doped device described in [14], predominantly due to the reduced 
intrinsic region thickness (200 nm vs. 900 nm) and increased spreading layer thickness 
(40 nm vs. 18 nm).  Running our full device contact model (including losses due to 
contact inefficiencies, as seen in Figure 114 and Figure 115) we get an expected 
efficiency of approximately 0.08% (or 0.04% for one-sided collection), which is only 






Figure 114: Simulated results for S0109A (non-annealed) assuming a 2.57 nA betacurrent achieved, 




Figure 115: Simulated results for S0109A (non-annealed) assuming a 2.57 nA betacurrent achieved, 






 In Figure 116 one can see the Ni-63 betacurrent IV curves for S0110A.  Note that 
the turn on voltage is very low (below 0.0002 V), as expected.  The betacurrents here 




Figure 116: S0110A Ni-63-based betacurrent with 3 GBq activity (80% yield). 
 
 
 Next, Figure 117 shows the betacurrent results for S0109B (non-annealed).  
Although the betacurrent measurements are similar to S0109A (non-annealed), the turn 
on voltage is only 0.05V (as opposed to 0.75+ V).  This matches well with the results 
from the EBIC testing done previously, which shows a reduced turn on voltage (as 
discussed).  The betacurrent values here were 930 pA (Danton), 1.1 nA (Marat) and 1.35 






Figure 117: S0109B (non-annealed) Ni-63-based betacurrent with 3 GBq activity (80% yield).   
 
 
 Finally, in Figure 118 one can see the results for S0109B (annealed).  As 
expected, the turn on voltage is very low (below 0.0002 V), which we predicted during 
our EBIC measurements.  For this device, however, we were able to get the device to 
approach the source the closest of all of the devices.  This explains why the betacurrent 
measurements were so much higher for this device than the others.  The betacurrent 
values here were 2.44 nA (Danton) and 2.5 nA (Robespierre).  The betacurrent for Marat 






Figure 118: S0109B (annealed) Ni-63-based betacurrent with 3 GBq activity (80% yield). 
 
Conclusions 
 In conclusion, we have demonstrated a Ni-63 betavoltaic battery device that can 
achieve an efficiency of approximately 0.03% (stacked) or 0.015% (one-sided), but could 
potentially reach an efficiency of 0.076% (stacked) or 0.038% (one-sided) with some 
modifications to our 3D printed packaging (which would allow our device to approach 
the Ni-63 source closer).   
 This falls in line nicely with our full contact model predictions, which predicts 
that our device should be able to achieve 0.08% efficiency (stacked) or 0.04% efficiency 
(one-sided) – off by approximately 0.002% (one-sided).  Even without the contact model 
(and only using our Ni-63 and Silvaco model), we still predict an efficiency of 0.12% 







 This section will detail additional work that could be done as a supplement to this 
research, and builds upon the work that has already been performed here.   
BGaN PIN Optimization 
 The PIN devices grown with a BGaN intrinsic region in these experiments were 
limited to around 400 or 500 nm in thickness due to cracking issues that appeared with 
thicker BGaN layers.  Further research could be done to determine ways that this BGaN 
intrinsic region could be expanded to be closer to the 1000 nm goal.   
 For instance, usage of a superlattice design, as seen in Figure 119, could help 
alleviate the strain in the BGaN region and allow it to achieve greater thicknesses [63, 
64].  That is to say, instead of a single, thick BGaN layer with a lateral-growth cap, it 







Figure 119: Potential BGaN PIN superlattice design. 
 
 
 More research and optimization would be required to determine the optimal 
thicknesses of the BGaN and lateral-growth layers, as well as the number of superlattice 
iterations that should be performed in order to obtain the highest quality material overall.  
Realistic Longevity Bombardments 
 The longevity experiments performed during this research used an SEM with a 
maximum electron energy of 25 keV.  As mentioned previously, the emission profile of 
Ni-63 details that beta particles with energies up to around 65 keV are possible (although 
with a much lower probability than 17 keV beta particles).   
 With usage of an SEM or similar electron beam that can reach 65 keV, 
performing longevity experiments by SEM bombardment with a Ni-63-like electron 




around 20 keV as was assumed in our bombardment experiments).  The material 
interactions of higher-energy beta particles, such as 50 keV and above, should be 
different than beta particles solely with lower energies (i.e., higher-energy beta particles 
should be more damaging), even if they are less likely to occur with Ni-63.   
Ni-63 Source Substrates 
 Since Ni-63 suffers from self-absorption issues in the source, the source itself 
should be optimized to minimize these effects.  The current design that we performed our 
testing with uses Ni-63 that was deposited on piece of a 200 um thick copper foil, which 
itself absorbs around half of the potential energy from the Ni-63 material.   
 Low-density metals such as aluminum, as seen in Figure 120, offer the best 
performance in terms of minimizing self-absorption.  The penetration depths of 17 keV 
electrons in CASINO v2 Monte Carlo simulations were used to generate this figure.  It 
can be seen here that electrons can penetrate nearly three times as far into aluminum 
compared with copper, so it is the best candidate to be used as a source substrate material.  
 
 





 A general overview of this design can be seen in Figure 121, which depicts the 
electrodeposited Ni-63 onto an aluminum/acrylic substrate.  The acrylic substrate could 
then be dissolved in acetone when it is applied to the betavoltaic device.  
 
 
Figure 121: General Ni-63 deposition process onto aluminum foil with acrylic substrate, using a 
copper strike layer in this case (also possible with nickel strike). 
 
 
 This design could potentially achieve around 85 - 95% source efficiency 
(depending on the thickness needed to do efficient Ni-63 deposition), since our 
simulations show around a 4% energy loss per 100 nm of aluminum.  This design also 
allows for easy electrodeposition, since the thick acrylic layer provides a good support 
layer to attach alligator clips onto for the deposition process.  
One issue with this technique is that aluminum is a difficult metal to 
electrodeposit onto, particularly since aluminum oxidizes very quickly.  A common 
solution in industry is to perform an initial zincate step (or more often double zincate) in 
order to remove the oxide layer and add a protective zinc layer to prevent reformation of 




layer (e.g., around 20 nm) is typically added before the nickel electrodeposition (as can 
be seen in Figure 121).  It is also common to use a nickel strike instead of copper, 
however.  
Our partner lab in Paris, CEA-list, attempted many times to perform this process 
in the lab, using cold nickel instead of Ni-63, and achieved mixed results.  The first 
attempt used the zincate process with a nickel strike, as can be seen in Figure 122.  Here, 
(a) shows the original aluminum foil substrate with no treatment, (b) shows the same 
aluminum foil after the zincate treatment, (c) is after spontaneous electrochemical 
replacement of zinc with nickel (as a nickel strike), and (d) is after electrodeposition of 
nickel.  This process resulted in successful deposition of nickel on the aluminum foil, but 
had a low yield (around 23%).  This technique could potentially be improved in the 
future, with further optimizations (e.g., using a double zincate treatment), to see if the 




Figure 122: Nickel deposition on aluminum.  (a) before treatment, (b) after zincate, (c) after 








The next attempt was to add a copper strike before electrodeposition (instead of 
nickel).  During the deposition process, the copper strike layer would eventually separate 
from the aluminum foil substrate, possibly due to the galvanostatic process between 
copper and aluminum.  In the future we could try optimizing and perfecting the process 
with a copper strike to increase the effectiveness and chance of success with this 
technique.   
 
 
Figure 123: PVD process onto aluminum foil with acrylic substrate. 
 
 
Another option considered was to use Physical Vapor Deposition (PVD) to 
deposit the copper strike directly onto the aluminum substrate (and on top of the 
naturally-formed oxide layer, rather than using the zincate treatment to first remove this 
layer).  This can be seen depicted in Figure 123.  Unfortunately experiments to attempt 
this also were not successful; since the aluminum foil is attached to the acrylic substrate 
via an electrostatic process, the aluminum separated from the acrylic substrate during the 




Further experimentation is required to optimize the zincate treatment process and 
electrodeposition.  We were able to achieve promising results, though with a low yield, 
when electrodepositing on a nickel strike.  We could potentially also achieve success with 
a copper strike, possibly with an improved double zincate step.  Finally, it could be useful 
to try the PVD process again, but with a different type of aluminum substrate in order to 
prevent electrostatic separation.  
X-Ray Experiments  
There are two main energy loss mechanisms that occur during beta particle 
absorption in a material:  atomic excitation/ionization (which have the potential to 
produce characteristic X-rays) and Bremsstrahlung radiation (caused by beta particle 
acceleration due to directional changes via interactions with atomic nuclei).  Since 
Bremsstrahlung radiation occurs in the form of X-ray radiation, it would be useful to 
know how much X-ray energy is released during Ni-63 beta particle interactions with 
GaN.  Doing this would require an SEM (again, preferably with the potential to reach up 
to around 65 keV electron energy) that is outfitted with an X-ray detector.   
An estimate for the Bremsstrahlung radiation wavelength can be calculated from 




,   (15) 
 
 Here, h is Planck's constant (6.626 x 10-34 J*s), c is the speed of light (2.998 x 108 
m/s) and E is the maximum energy of our beta particles (around 65 keV for Ni-63, or 
1.04 x 10-14 J).  This results in an expected radiative wavelength of around 0.02 nm, 




energy of the highest-energy beta particle will become an X-ray via Bremsstrahlung 
radiation).  On average, however, the energy released (in keV) is expected to be [65]:  
 
	1.4	 10 ∗ ∗ 	 18	 ,   (16) 
 
 Here, Z is the atomic number of our absorbing material (31 for gallium, worst-
case assumption) and E is the maximum energy of our beta particles (in keV).  Solving 
for the wavelength using Equation 15 we get 69 nm.  Therefore, the most common 
Bremsstrahlung radiation that is released due to the highest-energy Ni-63 beta particles in 
GaN will be in the extreme UV range, but could be into the hard X-ray range in the worst 
case.   
 In regard to characteristic X-rays due to inner-shell ionization, we can predict the 
K-alpha X-ray energies for gallium (again, worst case assumption) using the Bohr 
adaptation of Moseley's law [66]:  
 
	 ∗ 1 ∗ 9.18	 ,   (17) 
 
 Here, R is the Rydberg constant (13.6 eV) and Z is the atomic number of the 
absorber (31 for gallium).  Solving for the wavelength here we get 0.135 nm, which is on 
the edge of the hard X-ray range.  Considering that the binding energy of the K-shell 
electron of gallium is only 10.37 keV [67], Ni-63 has the potential to ionize inner shell 
electrons and release characteristic X-ray photons.   
By running this experiment at various electron energies and various beam 
currents, it would be possible to experimentally obtain an idea as to how much X-ray 
energy is released from these processes and what energies these X-rays typically are (as a 




gallium K-shell binding energy), we can ensure that the majority of X-rays being released 
are due to Bremsstrahlung radiation (as we will see later, K-shell ionization in nitrogen 
only releases a characteristic X-ray with a probability of < 1%, and less than 10% of all 
L-shell ionizations for gallium and nitrogen will result in characteristic X-rays).  This 
would be useful for determining if additional shielding is necessary if these batteries are 
used in consumer applications, for instance.   
InGaN-based Betavoltaic 
 As explained in the proposed X-ray study, the K-shell binding energy of gallium 
is around 10.37 keV, which means that only beta particles with an energy of around 10.37 
keV have the capability to ionize them with a high probability.  Likewise, the L-shell 
binding energies of gallium are around 1.1 keV, and the K-shell binding energy of 
nitrogen is around 400 eV [67].  Unfortunately, energies far above 10 keV will have an 
ever-decreasing probability of ionization in GaN, since there are no electron shells in 
GaN with binding energies in the 20+ keV range, for instance [69].   
 This can be seen visually in Figure 124 and Figure 125, which show the 
ionization cross-sections for the k-shells of nitrogen and gallium, respectively.  For 
nitrogen, the k-shell electrons have the largest cross section for incident beta particles that 
are around four times larger than the k-shell binding energy of nitrogen, and the cross-
section drops off as the incident beta particle energy increases.  Similarly, the k-shell 
cross section is largest for gallium at around two times its k-shell binding energy and 

















 Note that the energy banding effects seen in semiconductors are typically limited 
to the outer shells, due to the Pauli Exclusion Principle not allowing two electrons to 
share the same quantum state.  The overlap of the outermost shells in crystalline 
structures forces bands to form (the valence and conduction bands, for example), but 
there is usually little-to-no overlap of the inner shells of atoms in a crystal and thus this 
does not apply (and so the inner shells will require more discretized energies in order to 
ionize) [74-75].  
 One possibility to increase absorption efficiency for beta particle energies above 
20 keV would be through the incorporation of indium (Z=49, with a K-shell binding 
energy of 27.94 keV, and an L-shell binding energy of nearly 4 keV [67]) in the device’s 
intrinsic region.  This would allow for the ionization of K shell electrons in the 28 keV 
range.  The usage of InGaN would give the device absorption edges of approximately 28 
keV, 10 keV, 4 keV, 1 keV and 400 eV (In K-shell, Ga K-shell, In L-shell, Ga L-shell 
and the N K-shell, respectively).   
 An unfortunate consequence of using indium in the device is that the majority of 
the ionized K-shell electrons (approximately 85%) will result in releasing of X-ray 
characteristic radiation rather than Auger electrons.  One can see in Figure 126 and 
Figure 127 the proportion of Auger electrons and X-ray photons for both the K-shell 
vacancies and the L-shell vacancies, respectively [68].  Note that this same issue is not as 
important for L-shell vacancies for indium, gallium and nitrogen, since over 90% of all 







Figure 126: Yield per K-electron vacancy vs. atomic number. 
 
 
Figure 127: Yield per L-electron vacancy vs. atomic number. 
 
 
 Also noteworthy in Figure 126 and Figure 127 is that nitrogen ionizations (Z=7) 






shell ionizations (Z=31) will only release X-rays (as opposed to Auger electrons) 
approximately 50% of the time.   
 Preliminary CASINO v2 Monte Carlo simulations using InGaN (seen in Table 7) 
have shown a similar IQE between GaN and InGaN with 10% indium, and this is not 
taking into account the additional Auger electrons that would be generated from the 
indium K- and L-shells at the 28 keV and 4 keV peaks, respectively (which could 
increase the efficiency even further).   
 
Table 7: Percentage of SEM absorption occurring between device depths of 150 nm and 750 nm 
(common intrinsic region), scaled by Ni-63 beta particle probability and bandgap-based beta-
efficiency [34]. 
beam energy GaN InGaN (10% In) InGaN (20% In) InN 
5 keV 4.39% 3.76% 3.23% 0.508% 
10 keV 24.35% 23.48% 21.91% 5.41% 
15 keV 22.88% 22.61% 22.30% 6.75% 
20 keV 13.39% 13.79% 13.60% 4.65% 
25 keV 8.07% 8.32% 8.46% 3.10% 
30 keV 5.24% 5.49% 5.59% 2.12% 
35 keV 2.75% 2.91% 3.11% 1.27% 
 
 Because the bandgap of InN is very low (less than 1 eV), it is expected that the 
potential beta-efficiency would be less than that of a higher bandgap material such as 
GaN (7% efficiency for InN and 27% efficiency for GaN [34]), which is reflected in this 
table.  A small amount of indium, in the range of 10 – 20%, would afford the benefits of a 




 This is illustrated visually in Figure 128, where one can see a log-log plot of the 
mass-energy absorption profiles of gallium and indium [70].  Clearly seen are the L-shell 
and K-shell edges for gallium at around 1 keV and 10 keV (in blue), and the L-shell and 
K-shell edges for indium at around 4 keV and 30 keV (in orange).   
 
 
Figure 128: Mass-energy absorption profiles for gallium and indium. 
 
 
 In summation, by adding a small amount of indium into the intrinsic region of the 
device, it is possible to gain additional inner-shell excitation cites for high-energy beta 
particles that would promote the generation of secondary electrons and Auger electrons, 














 In this thesis we have covered the creation of a Ni-63 betavoltaic battery, starting 
with a full model (including, among others, the self-absorption of Ni-63, beta particle 
absorption in the device materials, device electrical characteristics as EHP collection and 
losses due to contact efficiencies).  This model was shown to be confirmed with both 
SEM experimentation and by comparison with an experimental device from literature.   
 In order to determine the material and contact longevity of our betavoltaic device, 
to ensure the battery could easily last the full 100 year lifespan of the Ni-63 beta emitting 
material, various experimental longevity studies were also performed via SEM 
bombardment.  These experiments ranged from bombardment of GaN materials alone, 
bombardment of contacts specifically, and a full 100 year equivalent bombardment.  The 
CL, IV/CV, AFM and SEM measurements confirmed that significant changes were not 
noticed in neither the GaN materials of our device nor the Schottky and Ohmic contacts.   
 Part of this thesis focused on the design and development of a BGaN-based PIN 
device, which could allow for the extension of the intrinsic region of the PIN device (over 
straight GaN).  A carrier density study was performed with various percentages of boron 
in BGaN to show that the carrier concentration is reduced with increasing boron 
percentage.  Additionally, a study for smoothing the BGaN layer (in order to have a good 
surface for efficient device contacting) was performed, showing very promising results.  
Both AFM/SEM and STEM studies showed a good quality surface.  One set of device 
BGaN PIN devices were also processed by our partner lab, LPN, which showed a 
working PIN (though with a low turn on voltage of around 0.5 V).  With proper 
optimization of the contacts, it could be possible to increase this turn on voltage to make 




 In order to test our Ni-63 and device models, real Ni-63 experiments were also 
performed.  3D printed boxes were designed and printed by colleagues at Georgia Tech 
Lorraine and Institut Lafayette, which helped to facilitate these experiments (allowing for 
easy loading/unloading of various Ni-63 sources, as well as adjustments of the distance 
between the devices and the Ni-63 source).   
 These Ni-63 experiments showed that our devices gave a very high output power 
(relative to previous experimentation that has been published in literature) of potentially 
2.5 nW, though our efficiency was only around 0.08% due to our thin intrinsic region 
(200 nm) and a thick current spreading layer (50 nm of metals).  With a reduced leakage 
current (and increased open circuit voltage), this efficiency could be even further 
increased.   
 In the future, this work could be improved by optimizing the BGaN PIN device, 
both with improving the contacts and by using a superlattice structure.  To take into 
account damage caused to GaN-based materials due to high energy beta particles, it could 
also be helpful to perform additional bombardment experiments using a more realistic 
range of electron SEM energies (ranging potentially up to 65 keV).   
 Since our Ni-63 source used a thick copper foil layer for electrodeposition, our 
source ended up being approximately 50% efficient (since all energies released towards 
the copper foil would be lost).  The Ni-63 source design could also be improved so that 
our device can take advantage of the full energy deposited on the substrate.   
 Finally, in the future, one could perform X-ray experiments in order to determine 
the safety and shielding requirements for Ni-63 bombardment in GaN-based materials, 
and research could be done investigating the usage of InGaN as a device material as a 
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